The gram-negative bacterium Vibrio cholerae causes cholera, an acute diarrheal disease characterized by voluminous rice water stools and rapid dehydration. V. cholerae produces an ADP-ribosylating enterotoxin called cholera toxin (CT), encoded by ctxA and ctxB, that activates the host cell enzyme adenylate cyclase, resulting in profuse diarrhea in humans (15) . The preeminence of CT as a major virulence factor of cholera was confirmed in volunteer studies, making this toxin a prime target in the development of cholera vaccine strains (21, 23) . While the first generation of ⌬ctxA and ⌬ctxAB V. cholerae vaccine strains did not cause cholera, they nevertheless caused significant reactogenicity in individuals in the form of mild to moderate diarrhea (23) . Although the reason for the reactogenicity of the ⌬ctx vaccine strains is unknown, two hypotheses were introduced as possible explanations (22) . First, V. cholerae may produce additional unidentified enterotoxins that were previously undetectable because of the dominant effects of CT. Second, adherence of V. cholerae during colonization of the proximal small intestine may cause alterations in small intestine function, resulting in diarrhea. Although further efforts to improve live oral cholera vaccines have focused on deleting newly characterized toxins, the reactogenicity in these strains was not markedly diminished (9, 49, 52) . This observation supports the latter hypothesis.
While cholera is not generally considered an inflammatory disease, there is evidence of inflammation in cholera patients and from human and animal vaccine studies. For instance, immune cell infiltration and activation have been observed in patients with cholera (10, 24, 33, 34) . More recently, Qadri et al. reported neutrophil infiltration into the lamina propria along with an increase in inflammatory mediators, such as tumor necrosis factor alpha, in adults and children during the acute stage of V. cholerae O1 and O139 serogroup infections (35, 36) . In human volunteer studies, the fecal lactoferrin levels induced by the reactogenic ⌬ctx vaccine strain CVD110 were markedly higher than those induced by the wild-type CT-expressing El Tor strain (44) . The lactoferrin levels induced by CVD110 were comparable to elevated levels found in volunteers who ingested Shigella, the prototypic inflammatory enteric pathogen (30) . Lactoferrin is a major component of polymorphonuclear leukocytes and is secreted by most mucosal membranes during inflammatory responses. Its presence in feces is indicative of leukocyte infiltration and intestinal inflammation. In a rabbit model, elevated levels of interleukin-1␤ (IL-1␤) and IL-8 were observed following infection with two different reactogenic ⌬ctx V. cholerae vaccine strains (E. C. Boedecker and J. B. Kaper, unpublished observations). IL-8 production has also been reported to contribute to the recruitment of neutrophils following infection with the enteric pathogens Salmonella spp. and Escherichia coli (4, 25, 42) . Reacto-genic V. cholerae vaccine strains were reported previously to induce higher levels of IL-8 production than nonreactogenic strains, and this was attributed to the presence of hap, which encodes a hemagglutinin protease (39) . However, experiments with whole cultures and filtered supernatants of the ⌬ctx V. cholerae strain CVD115, which is also hap negative, still resulted in induction of IL-8 production in the intestinal epithelial cell line T84 (57) . Treatment of the CVD115 supernatants with proteinase K or trypsin decreased IL-8 production, suggesting that the factor(s) that induces the proinflammatory response is proteinaceous rather than lipopolysaccharide (LPS). These indicators of IL-8 involvement in the response to V. cholerae led us to focus on identifying V. cholerae factors that initiate an IL-8 response.
Bacterial flagellin proteins are known activators of innate immunity (47) . Flagellin monomers are recognized by host cells through a direct interaction with Toll-like receptor 5 (TLR5), which mediates a proinflammatory cytokine response, including IL-8 induction. IL-8 expression involves activation of the mitogen-activated protein kinases (MAPKs) p38 kinase, c-jun N-terminal kinase (JNK), and extracellular-regulated kinase (ERK), as well as the transcription factors nuclear factor kappa B (NF-B) and activator protein 1 (AP-1) (14, 14, 31) . Activation of NF-B and its subsequent translocation into the nucleus occur following phosphorylation and degradation of the inhibitor protein IB␣ (51) . AP-1 is usually constitutively bound to DNA, and its activation is dependent on its phosphorylation, its abundance, and its binding to protein kinases (14) .
Purified native flagellins of V. cholerae (FlaA, FlaC, and FlaD), Salmonella enterica serotype Typhimurium (FliC), and enteroaggregative E. coli (FliC) have been shown to induce IL-8 production in intestinal epithelial cells (11, 48, 53) . Flagellins of Salmonella species, E. coli, Legionella pneumophila, Vibrio vulnificus, and V. cholerae (FlaA, FlaC, and FlaD) activate NF-B through TLR5 (2, 7, 11, 12, 19, 32, 43, 54) , and Salmonella, E. coli, and L. pneumophila flagellins have been shown to activate the MAPKs (3, 16, 43, 50, 55, 58) . V. cholerae FlaA has also been shown to activate p38 and ERK in the small intestine epithelial cell line Int407 (2) . While FlaA is the major V. cholerae flagellin required for flagellar synthesis and motility, V. cholerae expresses five flagellins, FlaA to FlaE (17) . Conserved sequences important for TLR5 recognition have been identified within the Salmonella flagellin FliC (32, 46, 47) . Collectively, these findings suggest that multiple flagellum components of ⌬ctx V. cholerae vaccine strains may be inducers of IL-8 production. Therefore, we sought to determine if the V. cholerae flagellins are present in culture supernatants and if the flagellins can induce IL-8 production and NF-B activation through TLR5 and by signaling through MAPKs.
In this report, we demonstrate that purified recombinant V. cholerae flagellins are capable of inducing IL-8 production through TLR5-dependent NF-B activation and through MAPK signaling. We also show that V. cholerae flagellins are present in culture supernatants, where they can also induce IL-8 production and activate NF-B. Deletion of all five V. cholerae flagellin genes significantly reduces the ability of culture supernatants to induce IL-8 production or activate NF-B. Also, complementing five flagellin mutants with the flaAC operon restores motility, the ability to induce IL-8 production, and the ability to activate NF-B. These findings provide further insight into the interaction of reactogenic V. cholerae vaccine candidates with host cells. Understanding the mechanisms involved in the interaction between V. cholerae and host cells should facilitate the development of improved attenuated V. cholerae vaccines.
MATERIALS AND METHODS
Cells and reagents. HEK293T cells (ATCC, Rockville, MD) were cultured in Dulbecco modified Eagle medium (DMEM) (BioWhittaker, Walkersville, MD) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. The HT-29 intestinal epithelial cell line (ATCC, Rockville, MD) was cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS, 2.5 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. The T84 intestinal epithelial cell line (ATCC) was cultured in DMEM/F12 (Invitrogen) supplemented with 10% FBS, 2.5 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. SuperFect transfection reagent was purchased from Qiagen (Valencia, CA). All expression plasmid constructs were prepared using an EndoFree plasmid maxi kit (Qiagen). The antibodies used to detect the activated forms of p38 kinase (phospho-p38 MAPK [Thr180/ Tyr182] mouse monoclonal antibody [MAb] ), JNK1/2 (phospho-SAPK/JNK [Thr183/Tyr185] mouse MAb), and ERK1/2 (phospho-p44/42 MAPK [Thr202/ Tyr204] mouse MAb) were purchased from Cell Signaling Technology (Danvers, MA). The antibodies used to detect the nonactivated forms of p38 kinase (sc-535 rabbit polyclonal antibody), JNK1 (sc-571 rabbit polyclonal antibody), and ERK1 (sc-93 rabbit polyclonal antibody) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The antibody used to detect IB␣ (IB␣ [L35A5] mouse MAb) was purchased from Cell Signaling Technology, and the antibody used to detect ␤-actin (anti-␤-actin MAb) was purchased from Sigma (St. Louis, MO). Anti-GroEL mouse MAb was purchased from Calbiochem (San Diego, CA). The antibody used to detect all five V. cholerae flagellins (FlaA rabbit polyclonal antibody) was generated by Lampire Biological Laboratories (Pipersville, PA). The secondary antibodies used were Alexa Fluor 680-conjugated goat anti-rabbit antibody and Alexa Fluor 750-conjugated goat anti-mouse antibody (Invitrogen). The V. cholerae classical Inaba 569B strain LPS was obtained from Sigma. Protein-free, phenol-water-extracted E. coli K235 LPS was prepared as described elsewhere (26) . The inhibitors of p38 (SB202190), JNK (SP600125), and ERK (PD98059), purchased from Calbiochem, were each resuspended in dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM.
Bacterial strains and growth conditions. All bacterial strains (Table 1) were maintained on Luria-Bertani medium. Antibiotics were used at the following concentrations unless otherwise indicated: ampicillin, 100 g/ml; carbenicillin, 50 g/ml; chloramphenicol, 20 g/ml; kanamycin, 50 g/ml; and polymyxin B, 50 U/ml. Modified L agar with sucrose contained 10 g tryptone per liter, 5 g yeast extract per liter, 1.5% agar, and 10% sucrose.
DNA manipulation and plasmid construction. All DNA manipulations were performed using standard protocols (40) . Oligonucleotides used in this study are listed in Table 2 . His-tagged flagellin expression plasmids pJMM69 (flaB), pJMM68 (flaC), and pJMM73 (flaD) were generated using genomic DNA (gDNA) from V. cholerae N16961 as the template to amplify flaB, flaC, and flaD with primer sets K4106/K4107, K4104/K4105, and K4115/K4116, respectively, and were directionally cloned into pBAD102/D-TOPO (Invitrogen) according to the manufacturer's instructions. To obtain His-tagged FlaA, the flaA gene was amplified from V. cholerae E7946 gDNA using primer set K4814/K4815. The resulting PCR product was digested with BspHI and SalI and ligated with NcoI-SalI-digested pBAD/myc-HisA (Invitrogen) to generate pSSH2188. To obtain His-tagged FlaE, the flaE gene was amplified from V. cholerae CVD115 gDNA using primer set K5017/K5018, and the resulting PCR product and pBAD/myc-HisA were both digested with NcoI and SalI and ligated to generate pLHH2144. To obtain the FlaA complementation plasmid, the flaA gene was amplified from E7946 gDNA using primer set K4814/K4819. The PCR product was digested with BspHI and PmeI and ligated with NcoI-PmeI-digested pBAD/ myc-HisA to generate pFlaA. To obtain the FlaAC complementation plasmid, the flaAC operon, including its native promoter, was amplified from CVD110 gDNA using primer set K5535/K5536 and ligated into pCR-Blunt II-TOPO (Invitrogen) to generate pLH020508. The flaAC operon was then moved as an XhoI-BamHI fragment into XhoI-BamHI-digested pACYC177 to generate pFlaAC. The eukaryotic expression vectors pEF6/V5-His-TLR5 [designated TLR5(WT)] and pEF6/V5-His-DN TLR5 (designated DN-TLR5), which encode V5-tagged wild-type TLR5 and dominant-negative TLR5, respectively, were kindly provided by Andrew Gewirtz (Emory University, Atlanta, GA) and have VOL. 76, 2008 V. CHOLERAE FLAGELLINS SIGNAL THROUGH TLR5 5525 been described elsewhere (11, 55) . The reporter plasmids pELAM-luc (NF-B reporter) and pCMV1-␤-galactosidase were kindly provided by D. Golenbock (University of Massachusetts Medical School) and have been described previously (5). All constructs were confirmed by DNA sequencing analysis using an ABI 3100 gene analyzer (Applied Biosystems, Foster City, CA). Flagellin gene deletions. The suicide plasmid pKEK93 (⌬flaA1::cat [17] ) was used to generate a flaA mutant. E. coli SM10pir containing pKEK93 was mated with CVD115 and plated on L agar containing ampicillin and polymyxin B overnight at 37°C. Colonies were picked and grown overnight in L broth (LB) at 37°C to allow double-crossover events. Cultures were then plated and incubated overnight at 37°C on modified L agar containing 10% sucrose. Sucrose-resistant isolates were screened for the flaA deletion by PCR using primers K3632 and K3633, and one confirmed deletion strain was retained and designated CVD119.
For flaAC operon deletion, a 3,510-bp fragment containing the flaA and flaC genes was PCR amplified from CVD110 using primer set K4432/K4433 and cloned into the pGEM-T vector (Invitrogen) according to the manufacturer's instructions. The resulting clone, pJMM96, was subjected to reverse PCR using primer set K4414/K4367, digested with BamHI, self-ligated, and transformed into E. coli TOP10, resulting in pJMM96⌬flaAC. An 815-bp kanamycin gene was PCR amplified from pACYC177 using primer set K4422/K4423, trimmed with BamHI, and ligated into the BamHI site of pJMM96⌬flaAC, yielding pJMM97. A 2,080-bp XbaI fragment containing the ⌬flaAC::kan fragment was isolated from pJMM97 and ligated into the XbaI site of pCVD442, resulting in suicide plasmid pJMM98. pJMM98 was electroporated into E. coli SM10pir and introduced into V. cholerae CVD115 by conjugal mating. Kanamycin-resistant and ampicillin-sensitive mutants were screened for the flaAC deletion by PCR analysis using primer set K4432/K4433, and a deletion isolate was designated CVD121.
To construct the flaEDB operon deletion, a new suicide vector, pJMM112 (J. Michalski and J. B. Kaper, unpublished data), which utilizes the Gateway system (Invitrogen), was employed. Briefly, primer set K4481/K4482 and Pfu Ultra II Fusion HS polymerase (Stratagene, La Jolla, CA) were used to amplify a 7,450-bp product containing flaEDB with flanking regions 1.6 kb upstream and 2 kb downstream from CVD110, which was directionally cloned into pENTR/SD/ D-TOPO and transformed into E. coli Mach1T1 (Invitrogen), yielding pJMM99. Plasmid pJMM99 was digested with PstI, and a 6.6-kb fragment was gel purified, self-ligated, and transformed into E. coli DH5␣, yielding pJMM102. Plasmid pJMM102 and suicide vector pJMM112 were incubated together in the presence of the LR Clonase II enzyme mixture (Invitrogen) according to the manufacturer's instructions and transformed into E. coli DH5␣pir. An Ap r Cm s plasmid, pJMM104, harboring the flaEDB deletion recombined into suicide vector pJMM112, was isolated and transformed into E. coli SM10pir. E. coli SM10pir(pJMM104) was conjugally mated with either V. cholerae CVD115 or V. cholerae CVD121, plated on L agar containing ampicillin and polymyxin B, and incubated at 37°C overnight. Approximately 20 colonies were inoculated into 3 ml of LB, incubated for 8 h at room temperature, and then plated on modified L agar containing 10% sucrose. The plates were incubated at room temperature for 24 to 30 h, and sucrose-resistant isolates were screened for the flaEDB deletion by PCR. Isolates exhibiting a 710-bp PCR product with primer set K4117/K4398 were identified as deletion mutants. V. cholerae CVD122 and V. cholerae CVD120 are isogenic ⌬flaEDB derivatives of CVD115 and CVD121, respectively.
Flagellin complementation. V. cholerae CVD115 and ⌬flaA, ⌬flaAC, and ⌬flaABCDE mutants of this strain were electroporated either with empty vector pBAD/myc-HisA or pACYC177 or with the pFlaA or pFlaAC expression construct as previously described (29), except that we used 137 mM sucrose instead of buffer H and all centrifugations were carried out at room temperature.
Bacterial supernatant and WCL preparation. Freshly plated bacteria were inoculated into 5 ml LB and incubated overnight at 37°C. The overnight cultures were then subcultured (1:33) in LB and incubated at 30°C for 3.5 h. The optical densities at 600 nm of the cultures were adjusted to ϳ1.5, and the cultures were centrifuged for 15 min at 2,600 ϫ g to pellet the bacteria. The supernatants were filtered using a 0.22-m Millex GP syringe-driven filter unit (Millipore, Billerica, MA). One hundred microliters of filtered supernatant was added to each well of a 24-well plate for IL-8 assays (HT-29 or HEK293T transfectants), and 200 l of filtered supernatant was added to each well of a 12-well plate for NF-B assays (HEK293T transfectants). The concentrated bacterial supernatants used for polyacrylamide gel electrophoresis (PAGE) were prepared using trichloroacetic acid precipitation. Briefly, 5 l of 5% deoxycholic acid was added to 1 ml of each filtered supernatant and vortexed. Next, 100 l trichloroacetic acid was added to each sample and placed on ice 15 to 30 min. Samples were centrifuged at 13,000 rpm for 10 min at 4°C. The supernatants were discarded, and the pellets were resuspended in 15 l of 2 M Tris base. For sodium dodecyl sulfate (SDS)-PAGE, 15 l of 2ϫ SDS-PAGE buffer was added, and 6 l of a total sample was added to each well to correlate with the 200 l of supernatant used for HEK293T transfectant experiments. Bio-Rad (Hercules, CA) Criterion precast gels (4 to 20% Tris-HCl) were used for SDS-PAGE, and separated proteins were transferred onto Immobilon-FL polyvinylidene difluoride membranes (Millipore) for Western blot analysis to detect V. cholerae flagellins and GroEL. The Western blot analysis using the Odyssey two-color detection system is described below. To obtain whole-cell lysates (WCLs), 100-l portions of CVD115 and ⌬flaABCDE subcultures were pelleted at 13,000 rpm for 1 min to remove LB. The pellets were resuspended in 50 l of 2ϫ SDS-PAGE sample buffer, and 5 l of each sample was loaded into a well of the SDS-PAGE gel.
Purification of V. cholerae flagella. Flagella were purified using the modified methods of Richardson and Parker (38) and Xicohtencatl-Cortés et al. (53) . Brucella agar plates were inoculated with V. cholerae N16961 and incubated at 37°C overnight. The plates were scraped, and bacteria were resuspended in 50 ml phosphate-buffered saline (PBS) (pH 7.4). Flagella were sheared off by using a Waring blender for 90 s on setting 5. The bacteria were pelleted by centrifugation at 15,600 ϫ g for 10 min, and the supernatant was centrifuged for 2 h in an SW28 rotor at 39,000 ϫ g. The pelleted flagella were then subjected to differential centrifugation. First, the pellet was resuspended in 11 ml fresh PBS (pH 7.4) and centrifuged at 15,600 ϫ g for 10 min. The supernatant was removed and centrifuged for 2 h at 30,000 ϫ g in an SW41 rotor. These steps were repeated a total of three times. The final pellet was resuspended in 10 ml Tris-EDTA (pH 8.0) containing 0.5% Triton X-100. CsCl was added (density of 1.3; approximately 0.4 g/ml), and samples were centrifuged in an SW41 rotor at 100,000 ϫ g for 48 h. A white band containing the flagella was extracted and dialyzed against three changes of Tris-EDTA buffer (pH 8.0) buffer.
Expression and purification of flagellins. For expression of FlaA, FlaB, FlaC, FlaD, and FlaE, cultures of E. coli TOP10 containing pSSH2188, pJMM69, pJMM68, pJMM73, and pLHH2144, respectively, were grown in 100 ml LB containing 100 g/ml ampicillin to mid-log phase and induced with 0.02% arabinose (FlaB, FlaC, and FlaD) or 0.002% arabinose (FlaA and FlaE). The bacterial cells were pelleted and resuspended in PBS (pH 7.4). His-tagged flagellins were purified using a Magna-His purification kit (Promega, Madison, WI) according to the manufacturer's instructions. Samples were concentrated using Amicon/Centricon YM-10 columns (Millipore), which was followed by two washes with 1.5 ml of 100 mM HEPES (pH 7.5). Coomassie blue staining of the gels revealed bands corresponding to the purified His-tagged flagellins (FlaA to FlaE) that were consistent with their sizes (ϳ42 kDa) as determined using Western blots probed with polyclonal anti-FlaA antibody (data not shown).
Reporter assay. HEK293T cells were seeded and transfected as previously described (37) . Optimized amounts of the TLR5(WT) construct (5 ng/ml) and/or the DN-TLR5 construct (25 ng/ml) were used along with reporter constructs for transfection. Cells were allowed to recover for at least 18 h in fresh medium and were stimulated with 200 l V. cholerae supernatant (prepared as described above), various concentrations of purified native V. cholerae flagella or boiled (5 min) V. cholerae flagella, or 1 g/ml purified recombinant V. cholerae FlaA, FlaB, FlaC, FlaD, FlaE, S. enterica serotype Typhimurium FliC, or enteropathogenic E. coli (EPEC) FliC.
IL-8 assay. HT-29 cells at ϳ80% confluence or HEK293T cells (plated and transfected as described above, without the reporter constructs) were treated with V. cholerae supernatants as described above for 18 h or 24 h, respectively, and T84 cells were treated with recombinant flagellins as described above for 18 h. Cell culture supernatants were collected and stored at Ϫ80°C. IL-8 production by T84 cells and IL-8 production by HEK293T cells were determined by sandwich enzyme-linked immunosorbent assays (ELISAs) performed at the UMB Cytokine Core Facility, and IL-8 production by HT-29 cells was determined by using an R&D Systems (Minneapolis, MN) human CXCL8/IL-8 Quantikine ELISA kit or at the UMB Cytokine Core Facility.
MAPK activation and Western blot analysis. T84 cells at ϳ80% confluence were treated with 100 mM HEPES (pH 7.5) for 30 min or with 1 g/ml EPEC FliC (58) or V. cholerae FlaA for 15, 30, and 60 min. Following treatment, the cells were washed twice with cold 1ϫ Tris-buffered saline (TBS), removed using 1 ml 1ϫ TBS, and pelleted by centrifugation at 1,000 rpm for 5 min. The pellets were then lysed in modified RIPA buffer (1.0% Nonidet P-40, 1.0% sodium deoxycholate, 150 mM NaCl, 10 mM Tris-HCl [pH 7.5], 5.0 mM sodium pyrophosphate, 1.0 mM NaVO 4 , 5.0 mM NaF, 1.0 g/ml aprotinin, 1.0 g/ml leupeptin, 0.1 mM phenylmethylsulfonyl fluoride) for 15 min at 4°C. The lysates were passed through 23-and 27-gauge needles to shear the DNA and then centrifuged at 13,000 rpm for 15 min to clear the lysates. The cleared lysates were kept at Ϫ80°C until they were used. The protein contents of cell lysates were determined using a DC protein assay kit (Bio-Rad, Hercules, CA). Equal amounts of total protein (50 g protein per gel lane) were separated by SDS-PAGE on 12.5% gels and transferred to Immobilon-FL polyvinylidene difluoride and nonactivated (rabbit polyclonal antibody at a 1:1,000 dilution) forms of p38 kinase, JNK1/2, or ERK1/2. Briefly, the blots were incubated with antibodies in Odyssey blocking solution containing 0.1% Tween overnight at 4°C. The blots were then washed four times with 1ϫ TBS-0.1% Tween (1ϫ TBS/T) for 5 min and incubated with the secondary antibodies (Alexa Fluor 680-conjugated goat anti-rabbit and Alexa Fluor 750-conjugated goat anti-mouse) at 1:10,000 dilutions for two-color detection in Odyssey blocking solution containing 0.1% Tween for 30 min at room temperature. The blots were washed four times with 1ϫ TBS/T for 5 min and once with 1ϫ TBS for at least 5 min before they were scanned and quantified using the Odyssey infrared detection system (Li-Cor). The blots were stripped by rinsing them with 1ϫ TBS and incubating them with 20 ml Restore Western stripping buffer (Pierce) at 42°C for 45 min. They were then rinsed three times with 1ϫ TBS/T and subsequently washed three times with 1ϫ TBS/T for 5 min. The blots were then ready for the next set of primary antibodies mentioned above using the same protocol. The same blots were also probed for IB␣ degradation and ␤-actin using the protocol described above, except that only one of the secondary antibodies (anti-mouse antibody) was used for single-color detection. Inhibitor studies. In six-well tissue culture plates, T84 cells were grown to approximately 80% confluence and pretreated for 1 h in DMEM/F12 with each inhibitor at a concentration of 10 M or with the following combinations of inhibitors (10 M each): SB202190 and SP600125; SB202190 and PD98059; SP600125 and PD98059; and SB202190, SP600125, and PD98509. As a control, T84 cells were also pretreated in DMEM/F12 containing DMSO at a final concentration of 0.3%, which was the maximum concentration of DMSO in the three-inhibitor preparation. The medium was then removed and replaced by fresh medium containing the same pretreatment preparations in the presence of 1 g/ml V. cholerae FlaA, and the cultures were incubated for 18 h. Cell culture supernatants were collected, and the IL-8 levels were determined by an ELISA for each treatment. As determined by microscopic observation, DMSO did not appear to be cytotoxic since the T84 cell confluence continued to increase during the incubation period.
Statistical analyses. Quantitative data for NF-B activation in transfected HEK293T cells, IL-8 production in HT-29 cells, HEK293T transfectants, and T84 cells, and MAPK phosphorylation in T84 cells were expressed as means Ϯ standard errors. All of the data were analyzed using a one-way analysis of variance with repeated measures, followed by post hoc comparisons using Tukey's multiple paired comparison test (GraphPad PRISM 4 program for Windows).
RESULTS
Purified V. cholerae flagellins activate NF-B and induce IL-8 production through TLR5. The eukaryotic extracellular receptor TLR5 recognizes bacterial flagellin and activates the transcription factor NF-B, leading to induction of proinflammatory cytokine production in mammalian cells (12) . A conserved TLR5 recognition site has been identified in Salmonella FliC (32, 46) . Alignment of the protein sequence of the conserved TLR5 recognition region of S. enterica serovar Typhimurium FliC with the five V. cholerae flagellin sequences revealed that the sequences contain homologous TLR5 recognition sequences (Fig. 1A) . The levels of amino acid homology for the TLR5 recognition regions of V. cholerae flagellins and S. enterica serovar Typhimurium FliC are 70% for FlaA, 60% for FlaB, FlaC, and FlaD, and 55% for FlaE. Therefore, it seemed reasonable to hypothesize that all five V. cholerae flagellins may be able to interact with TLR5.
To determine if each individual V. cholerae flagellin can directly activate NF-B and IL-8 production through TLR5, we heterologously expressed and purified each recombinant V. cholerae flagellin protein from E. coli. TLR5 was overexpressed in the human kidney epithelial cell line HEK293T along with reporter constructs for ELAM (NF-B) luciferase and ␤-galactosidase. As reported previously, HEK293T cells are totally unresponsive to LPS (5, 27) as they do not express any endogenous TLR4, CD14, and MD-2, and this was confirmed by our observation that even 5 ng/ml of E. coli K235 LPS failed to induce any detectable NF-B luciferase activity (data not shown). However, HEK293T cells are minimally responsive to flagellins since they express low levels of endogenous TLR5 (56), while HEK293T/TLR5 transfectants exhibited a robust response to flagellins. HEK293T/TLR5 transfectants were treated with 1 g/ml of each V. cholerae flagellin for 6 h, and lysates were analyzed for NF-B-driven luciferase activity by normalizing the results using constitutive ␤-galactosidase activity. Figure 1B shows that each of the recombinant V. cholerae flagellins was capable of activating NF-B in HEK293T/ TLR5 transfectants to a level that was significantly greater than the level in the HEK293T/pcDNA control transfectants (Fig.  1B, left panel) and was similar to levels activated by S. enterica serovar Typhimurium FliC. Cotransfection of HEK293T cells with the dominant-negative TLR5 construct (DN-TLR5) along with TLR5(WT) resulted in significantly reduced NF-B activation upon treatment with individual flagellins (Fig. 1B, right  panel) . In the negative controls, the low level of endogenous TLR5 activity in HEK293T/pcDNA transfectants treated with V. cholerae flagellins was also somewhat reduced by cotransfection with the DN-TLR5 construct (Fig. 1B, two left panels) . FlaA and FlaE, the V. cholerae flagellins with the most and least homology to S. enterica serovar Typhimurium FliC, respectively, were also able to induce IL-8 production in a dosedependent manner in the HEK293T/TLR5 transfectants (Fig.  1C) . The other flagellins were not tested in this assay; however, they were all tested using the intestinal epithelial cell line T84, and they were all able to significantly induce IL-8 production to levels above the levels in medium-, HEPES-, and LPS (100 ng/ml)-treated controls (Fig. 1D ). These results demonstrate that each of the V. cholerae flagellins is able to activate NF-B through TLR5 recognition and to induce IL-8 production in TLR5-expressing cells.
Since the TLR5 recognition site of flagellin monomers is inaccessible in the flagellar filament of S. enterica serovar Typhimurium flagella (46) , the TLR5 recognition site of V. cholerae flagellins is also probably unavailable in the flagellar filament. Figure 2 shows the dose response for NF-B activity in HEK293T/TLR5 transfectants treated with recombinant V. cholerae FlaA, native V. cholerae flagella, or V. cholerae flagella boiled to release the monomeric flagellins. HEK293T cells transfected with pcDNA showed very low endogenous TLR5 activity for all three treatments (Fig. 2, left panel) , whereas cells transfected with TLR5 showed a robust, dose-dependent response to recombinant V. cholerae FlaA and boiled flagella (Fig. 2, right panel) . Native flagella activated NF-B only at a concentration of 100 ng/ml, whereas boiled flagella activated NF-B at a concentration 2.5 ng/ml (Fig. 2, right panel) . These data suggest that boiling V. cholerae flagella exposes TLR5 epitopes that are otherwise inaccessible in the native conformation, presumably through the release of monomers.
Filtered supernatants from V. cholerae flaA ؉ strains, but not from ⌬flaABCDE strains, activate NF-B and induce IL-8 production through TLR5. In order to test the effects of flagellin deletions in El Tor strain CVD115 (57), we generated isogenic flagellin deletion mutants, including CVD120 (⌬flaAB CDE), CVD119 (⌬flaA), CVD121 (⌬flaAC), and CVD122 (⌬flaEDB). The ⌬flaA and ⌬flaAC mutants showed little or no motility on motility agar plates, while the ⌬flaABCDE mutant was completely nonmotile (data not shown). The ⌬flaEDB mutant, which is flaA ϩ , was as motile as the parental strain (data not shown). Since FlaA has previously been shown to be the only flagellin required for flagellar assembly and motility in the classical Ogawa 395 strain (17), we introduced a flaAoverexpressing plasmid (pFlaA) or a flaAC-expressing plasmid (pFlaAC) into the ⌬flaABCDE mutant. Complementation with pFlaA alone or with pFlaAC restored motility to the ⌬flaAB CDE mutant, albeit not at wild-type levels (data not shown).
We next sought to determine whether supernatants derived from our flagellin deletion mutants were able to induce IL-8 production through TLR5 activation in HEK293T cells. HEK293T cells transfected with the control vector pcDNA responded weakly to the supernatants, as expected, due to the presence of low levels of endogenous TLR5 (Fig. 3A, left  panel) , whereas the response was far greater when the HEK293T cells were exogenously transfected with the TLR5(WT) expression construct (Fig. 3A, right panel) . Filtered culture supernatants from CVD115 and isogenic ⌬flaA, ⌬flaAC, and ⌬flaEDB mutant strains activated NF-B significantly (P Ͻ 0.001) in HEK293T/TLR5 transfectants (Fig. 3A) , suggesting that the remaining encoded flagellins are expressed and released into culture supernatants, where they can signal through TLR5. Most notably, the ⌬flaABCDE strain supernatants completely failed to activate NF-B, suggesting that the five flagellin proteins are solely responsible for NF-B activation in this in vitro system. Supernatants from the ⌬flaA, ⌬flaAC, and ⌬flaEDB strains also significantly induced IL-8 production in HEK293T/TLR5 transfectants (P Ͻ 0.05 or P Ͻ 0.001), while the IL-8 levels in cells treated with the ⌬flaAB-CDE strain supernatants were basal levels (Fig. 3B) . Both S. (Fig. 3B) . The low level of activity observed when IL-8 ( Fig. 3B ) was measured compared with the NF-B level (Fig. 3A) was likely due to the greater sensitivity of the NF-B-driven luciferase readout.
Complementing the ⌬flaABCDE strain with pFlaA partially restored the ability of the supernatant to activate NF-B in HEK293T/TLR5 transfectants (Fig. 3C) , consistent with the partial complementation of motility (data not shown). In addition, when the ⌬flaABCDE strain was complemented with pFlaAC, its supernatant yielded an even greater increase in NF-B activation in HEK293T/TLR5 transfectants than in the HEK293T/pcDNA transfectants, even though the NF-B activation was slightly less than that obtained with CVD115 supernatants (Fig. 3D) . The partial restoration of NF-B activation through pFlaA (Fig. 3C, right panel) and pFlaAC (Fig.  3D , right panel) complementation was significantly diminished when HEK293T/TLR5 transfectants were cotransfected with DN-TLR5, further demonstrating the specificity of TLR5-induced activation by V. cholerae flagellins.
We also tested the effects of the flagellin deletions on IL-8 induction in the intestinal epithelial cell line HT-29. Consistent with the HEK293T/TLR5 data, supernatants of the ⌬flaA, ⌬flaAC, and ⌬flaEDB strains induced IL-8 production in HT-29 cells (Fig. 4) . The ⌬flaABCDE supernatants yielded basal levels of IL-8 that were comparable to the levels obtained with LB (Fig. 4) . Supernatants of the ⌬flaABCDE strain complemented with pFlaAC induced production of IL-8 levels similar to the levels obtained with the CVD115 supernatants (data not shown). Collectively, these data suggest that flagellins are present in culture supernatants, where they can activate NF-B-driven genes and induce IL-8 production specifically through TLR5.
To demonstrate directly the presence of V. cholerae flagellins in filtered supernatants and to test for bacterial lysis, we examined WCLs of the CVD115 and ⌬flaABCDE strains and supernatants from the flagellin mutant strains for the cytoplasmic protein GroEL and flagellins using Western blot analysis. The polyclonal antiflagellin antibody recognized all five purified V. cholerae flagellins on Western blots (data not shown).
Flagellin proteins were present in all of the supernatants except the supernatants of the ⌬flaABCDE strain, the ⌬flaAB CDE strain with pBAD, and the ⌬flaABCDE strain with pACYC177, as expected (Fig. 5, red bands) . GroEL was not detected in any of the supernatants but was present in WCLs (Fig. 5, green bands) , demonstrating that the flagellins present in supernatants were not due to bacterial cell lysis. Since flagellins were present in the ⌬flaA, ⌬flaAC, and ⌬flaEDB strain supernatants, it appeared that the two operons expressed flagellins independent of each other. Furthermore, these data demonstrated that V. cholerae flagellins are secreted, suggesting that they could contribute to TLR5-mediated IL-8 production in intestinal epithelial cells regardless of whether a functional flagellum is present. Purified V. cholerae flagellins induce MAPK activation and IB␣ degradation in T84 cells. In addition to the NF-B pathway, signaling through TLR5 can lead to activation of MAPKs, which are involved in the inflammatory cytokine response through activation of transcription factors such as AP-1 (6, 14, 18) . Therefore, we sought to determine if V. cholerae flagellins could activate the MAPKs p38, JNK1/2, and ERK1/2 in T84 cells, using recombinant FlaA as the stimulus. Following treatment of T84 cells with 1 g/ml purified recombinant FlaA for 15, 30, and 60 min, we examined the WCLs by performing Western analysis with antibodies specific for the nonphosphorylated and phosphorylated (activated) forms of p38, JNK1/2, and ERK1/2 (Fig. 6A ). Significant but transient increases in phosphorylation were observed for p38 (Fig. 6B ), JNK1/2 (Fig.  6C) , and ERK1/2 (Fig. 6D ) at 30 min in T84 cells treated with FlaA compared to cells treated with medium alone (P Ͻ 0.001). The levels of phosphorylated forms were decreased significantly by 1 h. To examine IB␣ degradation, the same blots were reprobed with an anti-IB␣ antibody. By 30 min, FlaA had caused significant degradation of IB␣ in T84 cells (P Ͻ 0.001) (Fig. 6E) . IB␣ degradation leads to NF-B activation; hence, these data further confirm our finding obtained with HEK293T/TLR5 transfectants that the NF-B pathway is activated by flagellin proteins. These data demonstrate that V. cholerae flagellins are able to activate MAPK signaling pathways, in addition to the NF-B pathway, in T84 cells, suggesting that these pathways are involved in the flagellin-induced IL-8 production. (Fig. 7) . Following the addition of each kinase inhibitor individually, there was a significant decrease in FlaA-induced IL-8 production in T84 cells. A combination of two or three inhibitors further decreased FlaA-induced IL-8 production to basal levels ( Fig. 7) , especially when SB202190 was included. These data indicate that p38, JNK1/2, and ERK1/2 can each contribute to the FlaAinduced IL-8 production in T84 cells.
DISCUSSION
Attempts to develop more effective ⌬ctx V. cholerae vaccine strains have been fraught with difficulty due to the reactogenicity associated with an underlying inflammatory response that is probably suppressed by the effects of CT in normal infection. Although cholera is the prototypical noninflammatory disease, volunteers ingesting ⌬ctx vaccine candidates, but not volunteers ingesting wild-type strains, had inflammatory diarrhea with levels of fecal lactoferrin (an indirect measure of neutrophil infiltration) equivalent to the levels seen with Shigella infections (44) . In recent years, mounting evidence has shown that CT is a potent immunomodulator with anti-inflammatory effects on immune cells, including inhibition of polymorphonuclear leukocyte migration, tumor necrosis factor alpha and nitric oxide suppression in macrophages, and MAPK signaling downregulation in macrophages (41, 44) . Since previous work in our lab had shown that a proteinaceous proinflammatory component(s) in filtered supernatants of the V. cholerae El Tor strain CVD115 induced IL-8 production in intestinal epithelial cells (57) and several reports have indicated that bacterial flagellins are a source of IL-8 induction (1, 11, 19, 32, 48, 53, 58) , we sought to test the potential role of all five V. cholerae flagellins in this inflammatory signaling pathway.
All five flagellins of V. cholerae (FlaA to FlaE) contain a consensus amino acid sequence that is homologous to the conserved TLR5 recognition region of Salmonella FliC (Fig.  1A) . We showed that each purified His-tagged V. cholerae flagellin is capable of activating NF-B and inducing IL-8 production in HEK293T/TLR5 transfectants (Fig. 1B and 1C) . We further verified our results for V. cholerae flagellin-induced NF-B activation by analyzing the degradation of IB␣ in T84 cells treated with recombinant V. cholerae FlaA or EPEC FliC (Fig. 6A and 6E) . Furthermore, each V. cholerae flagellin induced IL-8 production in T84 cells (Fig. 1D) . Neither E. coli nor V. cholerae LPS induced IL-8 production in either HT-29 or HEK293T/TLR5 transfectants (data not shown), consistent with our previous report that the stimulatory activity was abolished by treatment with trypsin or proteinase K (57) . The specificity of flagellin-induced TLR5 activation was confirmed by use of a DN-TLR5 construct that significantly reduced NF-B activation in HEK293T/TLR5 transfectants (Fig. 1B , right panel), consistent with the fact that HEK293T/TLR5 cells are known to be insensitive to LPS (5, 27) . TLR5 has been shown to recognize purified Salmonella, E. coli, L. pneumophila, and V. vulnificus flagellins and to induce signaling cascades that result in the production of proinflammatory cytokines, such as IL-8 (7, 11, 12, 19, 32) Studies with Salmonella flagella have indicated that TLR5 activation by flagellins is mediated by TLR5 recognition of flagellin monomers rather than surfaces of the flagellar filament (46) . We show here that monomeric V. cholerae flagellins (recombinant proteins or boiled flagella) activate NF-B in HEK293T/TLR5 transfectants at lower concentrations than native V. cholerae flagella (Fig. 2) , consistent with a previous report that showed that monomers are the activating form (46) . However, at the highest concentration tested (100 ng/ml), some NF-B activation by native V. cholerae flagella was detected. This may have been due to the increased sensitivity of our system since TLR5 was overexpressed, or perhaps there were enough flagellin monomers present in the flagellum preparation to elicit a response at higher concentrations.
Using isogenic flagellin deletion mutants, we found that deletion of all five flagellin genes in CVD115 (⌬flaABCDE) resulted in a strain that was completely nonmotile (data not shown), and the abilities of supernatants of this strain to activate NF-B in HEK293T/TLR5 transfectants and to induce IL-8 production in HEK293T/TLR5 transfectants and HT-29 cells were significantly reduced (Fig. 3A, 3B, and 4) . Supernatants of the ⌬flaA, ⌬flaAC, and ⌬flaEDB strains were able to induce IL-8 production and activate NF-B, suggesting that the remaining flagellins in each strain were capable of inducing an immunological response, which is supported by our results obtained with purified flagellins. We also demonstrated that supernatants of CVD115 and all of the flagellin mutant strains except the ⌬flaABCDE strain contained flagellins (Fig. 5) . The presence of the flagellins in supernatants was independent of bacterial lysis since the cytoplasmic protein GroEL was not found in culture supernatants (Fig. 5) . V. cholerae strains with a deletion in flaA are not flagellated (17) , indicating that the flagellins present in supernatants of ⌬flaA strains are not derived from filamentous flagella. Yoon and Mekalanos recently suggested that the V. cholerae flagellar sheath may help V. cholerae flagella elude recognition by the innate immune system by suppressing monomer dissociation from V. cholerae flagella (54) . However, our results indicate that the presence of intact sheathed flagella may not entirely determine whether V. cholerae flagellins are detected by the innate immune system since monomeric flagellins capable of inducing NF-B and IL-8 production are clearly present in culture supernatants of both flaA ϩ and flaA V. cholerae strains (Fig. 5) . The mechanism of release of unassembled V. cholerae flagellins into culture supernatants is not known; whether flagellins are actively exported, passively leaked during flagellum assembly, or released through some other mechanism remains to be determined.
While our HT-29 cell data indicate that supernatants of ⌬flaA, ⌬flaAC, and ⌬flaEDB mutants induce production of IL-8 levels comparable to the level obtained with the parental El Tor strain CVD115 (Fig. 4) , Xicohtencatl-Cortés et al. showed that boiled V. cholerae supernatants of strains having similar mutations in the classical Ogawa strain 395 background induced production of significantly lower levels of IL-8 in HT-29 cells than those induced by supernatants of wild-type Ogawa strain 395 (53) . The variations may reflect differences in V. cholerae flagellin regulation, possibly due to differences between classical and El Tor biotypes, or differences in culture supernatant preparation.
In addition to NF-B activation, MAPKs have also been implicated in the induction of IL-8 production (14) . E. coli, L. pneumophila, and Salmonella flagellins have been shown to activate MAPKs in tissue culture cells, leading to the production of IL-8 (16, 43, 58) . Here, we report that purified V. cholerae FlaA was able to activate all three of the MAPKs (p38, JNK1/2, and ERK1/2) in T84 cells at levels comparable to the levels induced by an equivalent amount of EPEC FliC (Fig. 6A, 6B , 6C, and 6D). By using specific kinase inhibitors, we also demonstrated that IL-8 production in T84 cells was most sensitive to inhibition of p38, yet all three MAPKs seem to contribute to signaling (Fig. 7) . In line with our observations, Bandyopadhaya et al. recently reported that recombinant V. cholerae FlaA activates p38 and ERK1/2 in the small intestine epithelial cell line Int407 (2); however, they did not look at JNK1/2 activation. Inhibition of p38 and ERK1/2 was also found to reduce the production of the proinflammatory cytokine IL-1␤ in Int407 cells (2), mirroring our results for IL-8. Other reports have shown that inhibition of p38 significantly reduced IL-8 production by intestinal epithelial cells treated with E. coli (16, 58) and Salmonella (55) flagellins, which is also in line with our results. Also, Hoffman et al. reported that the ERK pathway may also contribute to, but not have a primary role in, induction of IL-8 production (14) , which correlates with our finding that even when there is inhibition of ERK, IL-8 production in T84 cells treated with V. cholerae FlaA can still occur.
In summary, our data support the hypothesis that all five V. cholerae flagellins have a direct role in the induction of IL-8 production through activation of NF-B and MAPKs. Since IL-8 is the primary neutrophil chemokine in humans, it is likely that stimulation of TLR5 by flagellins contributes to the inflammatory responses seen with vaccine strains. Further experiments are under way to determine whether flagellin-induced IL-8 production contributes to vaccine reactogenicity.
